Running Title: Crystal structure of an ice-binding protein (LeIBP) from an Arctic yeast Background: Ice-binding proteins improve the cold tolerance of cells by inhibiting ice growth and recrystallization. Results: Crystal structure and mutagenesis data of LeIBP suggests the B face as an ice binding site. Conclusion: LeIBP structure adopts a β-helical fold and the aligned Thr/Ser/Ala residues are critical for ice binding. Significance: LeIBP structure can serve as a structural model for a large number of IBPs.
Arctic yeast Leucosporidium sp. produces a glycosylated ice-binding protein (LeIBP) with a molecular mass of approximately 25 kDa, which can lower the freezing point below the melting point once it binds to ice. LeIBP is a member of a large class of icebinding proteins, the structures of which are unknown. Here, we report the crystal structures of non-glycosylated LeIBP and glycosylated LeIBP at 1.57 Å and 2.43 Å resolution, respectively. Structural analysis of the LeIBPs revealed a dimeric righthanded β-helix fold, which is composed of three parts: a large coiled structural domain, a long helix region (residues 96-115 form a long α-helix that packs along one face of the β-helix) and a C-terminal hydrophobic loop region (243-PFVPAPEVV-251). Unexpectedly, the C-terminal hydrophobic loop region has an extended conformation pointing away from the body of the coiled structural domain and forms intertwined dimer interactions. In addition, structural analysis of glycosylated LeIBP with sugar moieties attached to Asn185 provides a basis for interpreting previous biochemical analyses as well as the increased stability and secretion of glycosylated LeIBP. We also determined that the aligned Thr/Ser/Ala residues are critical for ice binding within the B face of LeIBP using site-directed mutagenesis. Although LeIBP has a common β-helical fold similar to that of canonical hyperactive antifreeze proteins, the ice-binding site is more complex and does not have a simple ice-binding motif. In conclusion, we could identify the ice-binding site of LeIBP and discuss differences in the ice-binding modes compared to other known AFPs and IBPs.
Antifreeze proteins (AFPs) and ice-binding proteins (IBPs) have been found in many species that live in subfreezing environments. AFPs bind to ice crystals and cause differences between the freezing point and melting point (TH: thermal hysteresis) through an adsorption-inhibition mechanism, thereby protecting organisms from ice damage (1) (2) (3) . Broadly speaking, IBPs include AFPs and other ice-nucleating proteins (INPs). Several IBPs have recently been identified in Antarctic sea ice algae (4-7), yeast (8, 9) , fungi (10, 11) , mushrooms (12) and bacteria (13, 14) . Some of these IBPs can be secreted extracellularly by a cleavable N-terminal signal sequence and may subsequently alleviate cell damage by preventing recrystallization of extracellular ice. Low sequence similarity with other known AFPs suggests that the IBPs may form a new subfamily and have a unique ice-binding mechanism. The IBPs have also been found to exhibit lower levels of TH activity than AFPs, but little is known about the specific icebinding mechanism of IBPs. AFPs have been isolated from a variety of organisms and classified into several groups (Types I-IV, insect AFPs, bacterial AFPs and plant AFPs) depending on their structural characteristics and source (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Although each antifreeze class differs dramatically in its sequences and structures and even binds to different planes of ice, the various classes do have some properties in common (2, 3, 26) . The ice-binding sites are relatively hydrophobic and flat, which provide good surface-surface complementarity with the ice crystal. To date, NMR and crystal structures of AFPs from polar fish (15) (16) (17) (18) (19) (20) , insects (22, 23) , and psychrophilic bacteria (21) have been reported. The structures of insect and bacterial AFPs exhibit a β-helical fold, and these proteins have a regular pattern of Thr residues. Two Thr residues are aligned in insect AFPs (Thr-X-Thr motif), which may allow the protein to bind to two different basal and prism planes of ice. By contrast, bacterial MpAFP uses a Thr-X-Asx motif located in a flat β-sheet to bind ice. Mutational studies have shown that substitution of this Thr residue with Tyr resulted in a loss of antifreeze activity (27, 28) . These data suggest that the Thr residues located in the ice-binding face are involved in ice binding. The β-helical fold provides a conserved ice-binding platform, forming a flat binding surface and common Thr-containing motif.
In previous work, we identified and characterized a moderately active IBP (LeIBP) from Arctic yeast Leucosporidium sp. AY30 (8, 9, 29) . LeIBP shows a remarkable sequence similarity with IBPs from other fungi, diatoms or yeast. Comparison of the amino acid sequence of LeIBP to those of other IBPs revealed that LeIBP has 56% and 58% identity to IBPs found in the snow mold Typhula ishikariensis (TisIBP) and in the polar diatom Navicula glaciei (NglIBP), respectively. Periodic acid-Schiff (PAS) staining and peptide N-glycosidase F (PNGase F) treatment further confirmed the glycosylation of secreted LeIBP. Secondary structure prediction and circular dichroism experiments have revealed that IBPs are mainly composed of β-sheet elements similar to other hyperactive β-helical AFPs. However, LeIBP does not contain a simple ice-binding motif as in other hyperactive β-helical AFPs. Moreover, we have shown that LeIBP exhibits distinct differences from other AFPs, including its oligomerization, antifreeze activity and icebinding ability (8, 9, 29) . It appears to form a dimer in solution based on size exclusion chromatography and analytical ultracentrifugation analysis (29) . The threedimensional structure of LeIBP is essential for understanding its structure and function. In this study, we describe two crystal structures of non-glycosylated LeIBP produced from E. coli and glycosylated LeIBP produced from Pichia pastoris. This study presents the first structure of a glycosylated IBP. We compared these structures with other known structures to understand their unusual ice-binding site as well as the role of glycosylation. We present a new class of IBPs with a unique set of icebinding residues that form a previously undescribed dimer.
EXPERIMENTAL PROCEDURES
Expression, purification and crystallization of LeIBPs -Non-glycosylated LeIBP was expressed in Escherichia coli, purified and crystallized as described previously (9) . Selenomethionine (Se-Met)-labeled LeIBP (Leu86 and Leu172 were mutated to methionine because the amino acid sequence of LeIBP contains no methionines) was expressed in E. coli B834 cells grown in a minimal medium (M9) supplemented with SeMet and other nutrients and was purified using the same procedure used for the wild-type protein. Briefly, the transformed bacteria were grown at 30°C in Luria-Bertani (LB) medium containing 50 mg/l ampicillin. Bacterial cultures were induced at OD 600 =0.6 by adding isopropyl-1-thio-beta-D-galactopyranoside (IPTG) to 1 mM and incubating at 16°C for 18 h. After lysis using sonication, the lysate was clarified by centrifugation (12000 rpm for 1 h at 4 °C) and loaded onto a Ni-NTA agarose column pre-equilibrated with lysis buffer (20 mM KPi, pH 7.4, 500 mM NaCl and 5 mM imidazole). The protein was eluted with a 500 mM imidazole gradient. The fractions containing Se-Met-labeled LeIBP protein were pooled and dialyzed against lysis buffer. After cleavage of the 6×His-tag at 4°C overnight, the proteins were gel-filtrated on a Superdex 200 column (Amersham) equilibrated in a buffer containing 20 mM Tris-HCl, pH 8.0 and 150 mM NaCl. The fractions containing Se-Metlabeled LeIBP protein were pooled and concentrated up to 18.2 mg/ml. The Se-Met-labeled crystals were grown using hanging drop vapor diffusion at 20 °C. The drops consisted of 1 μl of protein solution (18.2 mg/ml in 20 mM Tris-HCl, pH 8.0 and 150 mM NaCl) and 1 μl of reservoir solution (0.1 M sodium acetate, pH 4.5, 1.2 M ammonium sulfate and 0.2 M NaCl). Cryoprotection was achieved by successive transfer of the crystals into mother liquor supplemented with 10, 15, 20 and 30% glycerol. Glycosylated LeIBP was expressed in Pichia pastoris and purified as described previously (29) . Briefly, Pichia pastoris transformant cells were grown in 3 L of YPD medium (1% yeast extract, 1% Bacto-tryptone and 2% glucose) at 30 °C for 5 days. The culture was supplemented daily with 5 ml of methanol. The culture supernatant was applied to an ion exchange (QFF) column and eluted with a buffer containing 50 mM Tris-HCl, pH 8.0 and 400 mM NaCl. The elution fractions were analyzed by SDS-PAGE and further separated with a Superdex 200 size exclusion column (Amersham Pharmacia) equilibrated with a buffer containing 50 mM Tris-HCl, pH 8.0 and 150 mM NaCl at a flow rate of 1 ml/min. The protein was concentrated to approximately 25 mg/ml prior to the crystallization experiments using a Vivaspin membrane with a molecular weight cutoff of 10 kDa. The protein concentration was determined by measuring the absorbance at 280 nm using a calculated extinction coefficient of 26930 M-1 cm-1. The best crystal used for data collection was grown using the hanging drop vapor diffusion method after mixing with a precipitant solution consisting of 0.1 M imidazole, pH 8.5, 1.7 M potassium phosphate, 0.5 M sodium phosphate and 0.2 M NaCl using drop ratios of 1 µl of protein to 1 µl of precipitant. Large single crystals grew to a maximum size of 0.5 mm in all directions within 2-3 d.
Data
collection and structure determination of LeIBPs -A selenium single-wavelength anomalous dispersion (SAD) data set was collected to 1.57 Å resolution at the photon factory NE3A beam line, and diffraction images were processed and scaled with iMOSFLM (30) and SCALA (31), respectively. Four selenium sites were found, and the structure of the Se-Met-labeled non-glycosylated LeIBP (21-261) was solved by SAD phasing using the automated search routine AUTOSOL from the PHENIX program suite (32) . The initial model was built by AUTOBUILD from PHENIX (32) and was subsequently rebuilt using Coot (33). Refinement of coordinates was then performed using iterative rounds of REFMAC5 refinement (34) and manual rebuilding. The final model contains residues 21-71 and 74-4 252 from chain A, 21-71 and 74-252 from chain B and 458 water molecules in the asymmetric unit with 97.8% of residues in the most favored regions of the Ramachandran plot and no residues in the disallowed region (35) . The model has RMSD values of 0.026 Å for the bond lengths and 2.257 Å for the bond angles. The R cryst and R free values of the final model are 21.6% and 25.1%, respectively ( Table 2) .
Successful flash freezing was achieved when the glycosylated LeIBP crystals were transferred directly to paraton oil and allowed to equilibrate for 2 min. The native data of glycosylated LeIBP were collected to 2.43 Å resolution at Korea Basic Science Institute (KBSI) with the X-ray facility home source and were processed using iMOSFLM (30) and SCALA (31) The glycosylated LeIBP structure was determined by molecular replacement using the program MOLREP (36). Our refined non-glycosylated LeIBP structure was used as the search model. The entire structure of glycosylated LeIBP was checked and manually rebuilt into the composite omit 2F obs -F calc and F obs -F calc electron density maps by using Coot (33) with several iterative rounds. Computational refinement was performed using REFMAC5 (34) , resulting in a final crystallographic R value of 23.6% (R free =28.6%). The model statistics are shown in Table 2 . In the Ramachandran plot, 95.6% of residues are found in the most favored regions, and only one residue is found in the disallowed region (35) .
Mutagenesis -Mutations were introduced
by site-directed PCR mutagenesis using mutagenic primers. Plasmids for nonglycosylated LeIBP were used as template DNA for mutagenesis. After amplification, the PCR fragments were digested by the DpnI restriction enzyme to eliminate template plasmids. The nucleotide sequences of the desired mutants were confirmed by DNA sequencing. All mutant proteins were expressed from E. coli cells and were purified using the same procedure used for the wildtype protein (9, 29) .
Antifreeze activity -Antifreeze (thermal hysteresis) activity was measured using a nanoliter osmometer (Otago Osmometers, Dunedin, New Zealand) connected to a cold well stage mounted on a light microscope and equipped with a Canon digital camera. The sample well was placed on the stage and frozen rapidly by placing the samples on the surface of a cold metal block at approximately -20 °C. The temperature was raised slowly until a single ice crystal remained. The temperature was lowered again slowly, while the ice crystal morphology was maintained. The freezing point of the sample was determined to be the temperature at which rapid growth of the ice crystal was observed under the microscope. The maximum difference between the annealing temperature and freezing point during the slow cooling steps was used as an approximation of the sample's freezing point depression activity. Measurements for the TH activity curve were done in distilled water, and the protein sample concentration ranged from 0 to 500 µM as determined by amino acid analysis.
Model for LeIBP and ice crystal
interaction -Docking simulations were performed with HEX 6.3 (40) . The structural model for the molecular interaction between LeIBP and ice crystal was built using the computational methods for rigid docking implemented in HEX 6.3 (40) . For all of the docking models generated, molecular mechanics energy minimization over the force field implemented in HEX 6.3 (40) was performed. From the overall models, the best complex model in terms of highest steric and electrostatic correlation was selected.
RESULTS
Overall structure of LeIBP -The structure of non-glycosylated LeIBP (residues 21-261; the first 20 residues, which are a signal sequence, were removed) was determined to a resolution of 1.57 Å by single-wavelength anomalous dispersion (SAD) from a single SeMet crystal. This structure is the first threedimensional structure of a fungal, diatom or yeast IBP. As shown in Figure 1A , two homodimeric molecules were found. The protein forms a dimer in the asymmetric unit in primitive tetragonal space group P4 3 2 1 2 with cell dimensions a = 97.6 Å, b = 97.6 Å, c = 106.6 Å. The dimer contacts are made through helix α3 and the C-terminal loop ( Fig. 1A and  B; supplemental Fig. S2A ). Size exclusion chromatography and crosslinking experiments (29) have shown that LeIBP monomers occur in solution but that the preferred state of the protein is a dimer. The interaction between the α3 helices is mediated through hydrophobic interactions of V30, P95, Y99 and A102. The C-terminal hydrophobic residues (243-PFVPAPEVV-251) seem to strengthen the interaction by domain swapping. The loop conformation in the C-terminal region is stabilized by two hydrogen bonds (V251 NPro58 O and V251 O-A60 N) and hydrophobic interactions (P248, V250, A90, P97 and A101). However, based on a multiple sequence alignment, the C-terminal tail seems to be missing in other diatom or fungal IBPs. Moreover, the residues involved in the dimer interactions from helix α3 are not well conserved in other IBP sequences, suggesting that dimer formation is a unique feature of LeIBP (Fig. 1C) . The monomeric structure of LeIBP has a β-helical fold similar to that of insect and bacterial AFPs. The β-helical folds are stabilized by both intramolecular β-sheet hydrogen bonds and an inner hydrophobic core. Overall, the β-helix is built from three parallel sheets (A, B and C faces) with dimensions of ~50 Å X 30 Å X 20 Å (Fig. 1) . These sides are derived from strands: 1, 4, 5, 7, 10, 13, 15´ and 18 (A face); 2, 8, 11, 14, 16 and 19 (B face); and 3, 6, 9, 12, 15, 17, and 20 (C face) (Fig.  1A, B and C) . LeIBP shows a number of characteristics distinctive from insect and bacterial AFPs, thereby suggesting that it can be classified into a new IBP family. The most surprising differences were observed in the long helix α3 insertion between β5 and β6, which is formed by residues 96-115 and packs against the core β-helical structure of LeIBP. The amphiphilic nature of helix α3 enables hydrophobic interactions with the A face of the β-helical domain. Residues Y99, L100, A103, V104, A107, Y111 and A110 comprise the hydrophobic face of helix α3. The hydrophobic A face of the β-helix core, which interacts with helix α3, is defined by L37, Y88, V163, A190, A208, L210 and L228. Moreover, Q113-NE2 and N106-ND2 on the hydrophilic face of helix α3 are further stabilized by intramolecular hydrogen bond interactions with S25-O and L28-O, respectively, in the Nterminal loop region. Sequence comparison also revealed that an additional α-helix is a common feature for fungal, diatom and yeast IBPs. Because sequence alignments indicated that six amino acids (residues 137-PGLYKW-142) are highly conserved across IBPs from diverse species, we aimed to understand their role in the LeIBP structure. The conserved region forms strand β7, which is supported by extensive hydrophobic interactions and appears to be a major stabilizing force between helix α3 and the β-helix. In addition, a hydrogen bond between K141 NZ and Q165 OE1 further stabilizes the α3-β6 connecting loop conformation. L139 lies between helix α3 and the β-helix core and is stabilized in the hydrophobic pocket formed by L24, F117, P120 and V163. Y140 is flanked with aromatic residues and forms hydrophobic stacking interactions with F122 and F164 within the β-helix core. The side chain of K141 is notably solvent exposed and is positioned to form a hydrogen bond with the side chain of Q165. The side chain of W142 makes hydrophobic contacts with L125, L130, L135, V146, F164 and I166. The highly conserved β7 strand region may play a significant role in the correct folding of LeIBP and intramolecular stabilization may be similar to that in other IBP structures (Fig. 2) . We further took an indepth look at the role of highly conserved residues. S80 located within the α2-β5 connecting loop region is highly conserved and forms a hydrogen bond with the carboxyl group of F67. This interaction is required for the structural stability of the loop conformation. Additionally, T239 located within the β5 strand is conserved, with the exception of SloIBP, but it is not important for antifreeze function based on our mutagenesis studies.
We also crystallized glycosylated LeIBP and determined its crystal structure at a resolution of 2.43 Å. Specifically, glycosylated LeIBP was crystallized in hexagonal space group P6 5 with cell dimensions a = 58.6 Å, b = 58.6 Å, c = 292.6 Å, α= 90.0°, β= 90.0° and γ= 120.0°. One glycosylated LeIBP molecule was observed in the asymmetric unit with a solvent content of 57.7% (V M = 2.90 Å 3 /Da) (Fig. 3A) . Using a two-fold crystallographic symmetry axis, this monomer forms a similar dimer structure to that of non-glycosylated LeIBP (RMSD of 1.1 Å; over 461 Cα atoms). We believe that the observed dimeric structure of glycosylated LeIBP is physiologically relevant and is supported by earlier work describing the homodimerization of glycosylated LeIBP using analytical size exclusion chromatography. There is one potential Nglycosylation site (N-X-S/T) in the LeIBP sequence at N185. The crystallographic evidence clearly indicates glycosylation at N185, as previously described (29) . Sufficient electron density was observed for modeling four sugar residues: two NAG (N-acetyl-beta-D-glucosamine) molecules, one BMA (beta-Dmannopyranose) and one MAN (alpha-Dmannopyranose) (Fig. 3B) . When the structures of glycosylated LeIBP and nonglycosylated LeIBP structure are superimposed, the overall structures are similar with an RMSD of 0.3 Å over 231 Cα atoms; however, the side chain of Phe244 shows a rotational movement (about 80°) toward the bound glycans (Fig. 3C) . The glycan molecules of glycosylated LeIBP form direct hydrophobic interactions with F244 and P246 and hydrogen bonds with NAG O5 and T187 OG1; moreover, water-mediated hydrogen bonds are formed with NAG O3, BMA O5 and MAN O5. Nlinked glycosylation of LeIBP expressed in P. pastoris was previously confirmed by SDS-PAGE and periodic acid-Schiff staining (29) . The native LeIBP produced from Leucosporidium sp. also contains a glycoside chain. The glycosylation site is exposed to the solvent region and is located at the interface between the two protomers but far from the putative active site. These results demonstrate that N-linked glycosylation is not required for LeIBP activity, in accordance with previous observations in antifreeze activity experiments (29) . Although the glycosylated LeIBP expressed in P. pastoris shows antifreeze activity similar to the bacterially expressed recombinant protein non-glycosylated LeIBP (29), the two proteins show different stabilities. In our crosslinking experiments, nonglycosylated LeIBP was more easily oligomerized than glycosylated LeIBP into aggregates.
Glycosylation-free mutants (N185Q and N185A) seemed to be retained in the cells (data not shown here), suggesting that glycosylation may contribute to LeIBP folding and secretion.
Structural homology search -A structural homology search using the program DALI revealed that the best score (Z value of 7.4) was produced by Haemophilus influenzae HMW1 Pro-piece, a structural domain essential for bacterial two-partner secretion (Protein Data Bank code 2ODL) (37) . This protein shares 9% sequence identity to LeIBP and can be superimposed with an RMSD of 3.1 Å for 113 Cα pairs. The right-handed β-helical structure of HMW1 Pro-piece consists of 47 β-strands and 2 α-helices. By contrast, the LeIBP structure is formed by 20 β-strands and one α-helix. In addition to other hemolysins, another bacterial antifreeze protein MpAFP structure (21) with a low score was identified in the homology search. To the best of our knowledge, the topology of the LeIBP structure has not been previously observed. Its two β-helical domains are separated by a long helix insertion, which is distinct from previously reported proteins within the family of all-β-helical AFP structures.
Ice-binding site of LeIBP -Structural data
have revealed that different types of AFPs (Types I-IV, fish AFPs, insect AFPs and plant AFPs) have completely different folds but share common ice-binding sites, which are relatively flat and hydrophobic. The LeIBP structure presented herein adopts an overall β-helical fold similar to that of hyperactive AFPs. To relate the structural information of LeIBP with its ice-binding and functional properties, we targeted the putative ice-binding site of LeIBP by site-directed mutagenesis. The main objective of these experiments was to search for mutations with differential effects on ice binding. The mutants were characterized by their antifreeze and recrystallization inhibition activities. We initially focused on S43, T65, S147, S171, T198, T216 and A234, which are located on the B face of the LeIBP structure (Fig. 4A, B and C) . The S147Y and A234Y mutations reduced the antifreeze activity of non-glycosylated LeIBP (62% and 47% activity of wild type at 370 µM, respectively). Mutation of Thr to Tyr, which confers steric hindrance to ice binding, caused a large reduction in antifreeze activity (38) . Furthermore, double mutation of S147Y/A234Y abolished most of the antifreeze activity, suggesting that the B face is the ice-binding face of LeIBP (Fig. 4D) . By contrast, residues on the other faces (A49, T109, S222 and T239) are not involved in ice binding (Fig. 4E) . Therefore, we propose that the putative ice-binding site contains a regular pattern of aligned Thr, Ser and Ala residues on the B face of LeIBP. Notably, C-terminally truncated LeIBP (residues 21-243) showed 13% higher antifreeze activity than the wildtype protein at 370 µM but exhibited a loss of dimer interactions according to our analytical size exclusion chromatography experiment (data not shown). As a result, the ice-binding site would be freely accessible for ice binding in the monomeric state, which may confer higher TH activity to the C-terminal truncated mutant. Additionally, circular dichroism studies showed that the secondary structure of all mutants was similar to that of wild-type LeIBP. These results suggest that the overall conformation of the mutants was unaffected by mutagenesis (supplemental Fig. S1 ). Before the structural studies, it was difficult to predict the ice-binding sites of LeIBP based on sequence alignment because of the lack of an ice-binding consensus sequence, such as T-X-T or T-X-N, which is present in hyperactive β-helical AFPs (21-23, 39) . Thus, the ice-binding site of LeIBP was believed to be distinct from those of canonical hyperactive β-helical AFPs and was confirmed by the mutagenesis experiments. The hyperactive β-helical AFPs are well known for having specific ice crystal plane preferences; moreover, each ice-binding motif, such as T-X-T or T-X-N, interacts with basal or prism planes of the ice crystal lattice. Comparisons between the new structure and previously determined hyperactive AFP structures revealed that the ice-binding site residues of LeIBP are more complex and diverse. LeIBP does not have simple icebinding motif compared to CfuAFP (Fig. 5A)  (22, 23) , TmoAFP (T-X-T motif) (Fig. 5B ) (39) and MpAFP (T-X-N motif) (21) (Fig. 5C ). This complex binding mode could explain the broad binding of LeIBP to both basal and prism planes of ice crystal lattices. Indeed, previous work indicated that LeIBP has loose selectivity and can bind to basal planes as well as prism planes (29) . Thus, our findings suggest that LeIBP serves as a broad icebinding site for ice crystal interactions with more than one strict ice-binding motif arrangement. Furthermore, side chains can reorient when they bind to ice crystals, providing further possibilities for diverse modes of ice crystal recognition.
Next, we used the results of the mutagenesis experiments to build an icebinding model for the putative interaction between LeIBP and ice crystals in silico using the rigid docking module in the program HEX (40) . The basal plane of an ice crystal was selected for initial positioning based on results of an ice-etching experiment (29) . We selected the model with the highest score in terms of steric and electrostatic correlations, and we applied energy minimization steps to correct unrealistic contacts. The final model for the interaction between LeIBP and ice crystal is shown in Fig. 6 . Remarkably, the B face of LeIBP showed high surface complementarity to the surface of the basal plane of the ice crystal without a significant conformational change upon binding (supplemental Fig. S2B ). These results suggest that ice binding of LeIBP does not require any major conformational change. The hydrophobic effect seems to be a dominant driving force in the interaction between LeIBP and the ice crystal because significant hydrophobic patches are located in complementary positions on the interaction surfaces ( Fig. 5D and E) .
DISCUSSION
by guest on September 16, 2017 http://www.jbc.org/
Downloaded from
We previously identified and characterized a novel ice-binding protein LeIBP from Arctic yeast that effectively inhibits the growth of ice crystals (8, 29) . In this study, we extended this work by examining the LeIBP structure, revealing the architecture of the ice-binding site, which is essential for mediating the ice crystal interaction. This work presents the first structure of an ice-binding protein from a psychrophilic fungal, diatom or yeast IBP. Despite the species diversity among members of the IBP family, analysis of the LeIBP structure suggests that IBPs have a common structural domain required for ice binding and adopt right-handed β-helical structures. Considering their overall sequence similarities, the LeIBP structure can likely serve as a structural model for a large number of IBPs. The crystal structure presented in this study shows the molecular details of LeIBP, including the dimer interface, the different structure of the β-helical domain and the novel ice-binding site. Our structural and functional analysis of LeIBP provided several surprising results. First, as previously shown, the protein is a dimer in solution with a molecular weight of 45000-53000 Da (29) . In addition, LeIBP seems to dimerize via the hydrophobic surfaces of helix α3 and the C-terminal loop region in order to conceal the hydrophobic areas from the solvent. AFPs are typically monomeric, and the only other two documented examples of dimeric AFPs are a type II AFP from rainbow smelt (41) and a hyperactive type I AFP (42) . Thus, our results are the first report of an IBP with novel dimeric interactions and a β-helical fold. Second, the crystal structure of LeIBP displays a β-helical structure separated by an α-helix insertion, which is an unprecedented architecture. Importantly, LeIBP has a long helix between strands 4 and 5, rather than the β-helical structure commonly found in other insect and bacterial AFP structures. Third, the ice-binding site of LeIBP is distinct from other previously reported AFPs and IBPs. Notably, the ice-binding site residues of LeIBP are not strictly conserved in IBPs of other species, indicating that the side chains of the icebinding site do not provide many interactions for ice binding. Instead, proper surface-surface complementary may be particularly important for ice binding. We speculate that the unique and complex ice-binding site allows for interactions with multiple faces of the ice crystal.
Previous work has demonstrated that nonglycosylated LeIBP exhibits ~30% antifreeze activity compared to native LeIBP (29) . We initially suspected that these different activities were due to N-glycosylation, which can only occur at Asn185. However, the antifreeze activity of native LeIBP was not significantly affected by deglycosylation, indicating that other factors may affect glycosylated LeIBP activation. In a previous report, we demonstrated that unknown impurities enhanced the antifreeze activity of LeIBP (29) . In addition, Bayer-Giraldi et al. (4) recently showed that the TH activity of an AFP from a polar diatom (Fragilariopsis cylindrus) was increased by addition of salt. Secretion of enhancers such as salt or polysaccharides, which accumulate in the brine channel in ice, may help to preserve the liquid environment. Because Arctic yeast, Leucosporidium sp. AY30 secretes LeIBPs, the LeIBP may protect the cell membrane extracellularly and play a role in suppressing the growth of ice crystals in brine pockets. Moreover, the increased antifreeze activity of LeIBP by enhancers appears to be essential for the survival of psychrophilic yeast at low temperatures. However, several questions regarding how the molecules are secreted and whether the LeIBP is secreted in the monomeric or dimeric state remain to be answered. Furthermore, it remains to be established whether the dimer structure enhances activity or whether monomers also bind to ice. by guest on September 16, 2017 
